Introduction
Platinum-based antitumour drugs have been the target of intense research since Rosenberg's discovery of an unexpected inhibition of cell division in the presence of cisplatin, in the late sixties. [1] It is presently known that the antitumour properties of this type of compound-for example, cisplatin [cis-(NH 3 ) 2 PtCl 2 ], still one of the most widely used anticancer drugs, and carboplatin [Pt(NH 3 ) 2 C 6 O 4 H 6 ]-are based on selective interactions (DNA being their main biological target). They act by forming short-range intrastrand adducts with the cancer-cell DNA (mainly at the guanine-guanine, GG, and adenine-guanine, AG, base pairs), thus suppressing proliferation. However, they present several drawbacks, namely, severe toxicity and acquired resistance. Therefore, the search for structurally novel antitumour platinum compounds is crucial, aiming at the design of more efficient and less toxic agents. Polynuclear Pt II complexes containing two or three metal centres and distinct aliphatic polyamines as bridging linkers, constitute a new class of third-generation drugs of great potential clinical importance. [2] [3] [4] In fact, this type of chelates can yield adducts containing long-distance intra-and interstrand crosslinks not available to the conventional mononuclear platinum complexes, their DNA binding properties being affected by simple structural changes. This enables to enhance DNA damage and achieve selective cytotoxicity through a rational design of these cisplatin-and carboplatin-like compounds.
Hence, studies of the local configuration of this kind of complexes make important contributions to understanding their activity. It is always preferable-wherever possible-to determine the structural parameters directly, usually via diffraction techniques. Carboplatin's crystal structure has been reported [5] and several crystallographic studies of cis-Pt(NH 3 ) 2 Cl 2 are also found in the literature, but only one the lattice structure (the a-form) is clearly described. [6] Two other studies deal with the b-form, one indexed as a monoclinic structure [7] and the other as anorthic. [8] Regarding trans-Pt(NH 3 ) 2 Cl 2 , there is only one crystallographic study in the literature. [6] No phase transitions were noted in this isomer, probably because of the hydrogen bonding that can be inferred from the close intermolecular contact distances. However, no hydrogen atom positions have been determined for these structures, since they are not revealed by conventional crystal diffraction methods.
The absence of accurate structural information on the Pt II chelates under study is due to the lack of good-quality crystals. Unfortunately, these compounds are very sensitive to preparative conditions and several forms are often stabilised in the powders produced, such that single crystals are not easily obtained. Indeed, structural defects are typically found in this broad class of inorganic systems, which leads to failure of conventional diffraction techniques. Under these circumstances, the alternative approach of vibrational spectroscopy offers some advantages, especially when modern ab initio calcula- , were studied by inelastic neutron scattering (INS) spectroscopy, coupled to quantum mechanical methods, and some ancillary work with X-ray diffraction on powders. An assignment of the experimental spectra was carried out based on the calculated INS transition frequencies and intensities (at the DFT level), thereby achieving a good correspondence between the calculated and observed data. Unusually good-quality INS spectra were obtained from about 250 mg, which is the smallest sample of a hydrogenous compound for which a successful INS interpretation has been reported. The knowledge of the local configuration of this kind of complexes is essential for an accurate understanding of their activity, which will pave the way for the rational design of novel third-generation drugs comprising cisplatin-and carboplatin-like moieties.
tions can be exploited in order to generate the spectra of putative structures. In this respect, inelastic neutron scattering (INS) spectroscopy is the vibrational technique sine qua non. The spectral intensities [S i · (Q 2 , n i )] of the modes (i) can be quantitatively compared with those calculated, and the technique is particularly well suited to the study of hydrogenous compounds. Actually, the neutron scattering cross-section of an atom (s) is characteristic of that atom and independent of the chemical environment. Since the value for hydrogen (80 barns) far exceeds that of all other atoms (typically ca. 5 barns), the modes of significant hydrogen displacement (u i ) dominate the INS spectra. [9] Then, for a mode at a given energy n i , the intensity from a powdered sample obeys the simplified relationship [Eq. (1)]:
where Q ( À1 ) is the momentum transferred from the neutron to the sample and a i () is related to a weighted sum of all the displacements of the atom. Thus, not only the energies of the vibrational transitions (the eigenvalues, n i ) but also the atomic displacements (the eigenvectors, u i ) are available from experimental observation. This significantly enhances the information obtainable from the vibrational technique and adds to that from the complementary Raman and infrared optical vibrational spectroscopic methods. By combining these results with quantum-mechanical molecular orbital calculations, it is possible to link molecular geometry with the experimental spectroscopic features and produce a reliable conformation for the systems under investigation. Herein, we report an INS study of cisplatin, transplatin and carboplatin (Figure 1 ), coupled to X-ray powder diffraction (XRPD) experiments and quantum mechanical calculations (at the density functional theory, DFT, level). This is part of a broader research project aiming at a thorough conformational analysis of newly synthesised polynuclear polyamine Pt II complexes. These comprise [Pt(NH 3 ) 2 Cl] or [Pt(NH 3 )Cl 2 ] cisplatin-like moities linked by alkanediamine chains of variable length, differing in the nature of the ligand and/or in the number and chemical environment of the metal centres. The final goal of these studies is the determination of the structure-activity relationships (SAR's) which underlie the antitumour properties of such compounds, which are concurrently being evaluated as to their antineoplastic activity towards human cancer cell lines.
Results and Discussion
The experimental INS spectra (below 1000 cm
À1
) of cisplatin, transplatin and carboplatin are represented in Figure 2 . The reported spectra refer principally to the motions of the hydrogenous ligands (NH 3 and cyclobutane ring). These modes, as will be shown below, always appear in the spectra, even for the smallest samples analysed, namely, 250 mg. We should emphasis here that this mass represents only 0.14 mmoles of hydrogen atoms and-to the best of our knowledge-it is the smallest sample of an hydrogenous compound for which a successful INS interpretation has been achieved so far. This offers considerable hope for the further development of the INS technique into the study of newly discovered drugs, for which only modest sample weights will be initially available (some early TOSCA work on C 60 was undertaken on samples of about 0.7 mmoles, while the limiting sample mass for TOSCA work on dihydrogen is ca. 2 mmoles [10] ). For the Pt II coordination compounds under study, the low energy spectra, below % 550 cm ) and stretching vibrations (between 3200 and 3300 cm À1 ), in turn, are more or less completely supressed as a result of the Debye-Waller factor, and will not be discussed here. This loss of spectral detail at higher frequencies is in line with similar effects previously seen in the INS spectra of the ammonium halides. [11] The more straightforward cisplatin and transplatin systems will be considered first in this discussion. Above around 700 cm
, carefully chosen scaling factors [12] relate the mPW1 calculated transitions to features observed in the experimental vibrational spectra and the calculations are a ready guide to a reasonable assignment scheme (see Tables 1 and 2 This assignment scheme was modelled by creating two dummy vibrations, each for the two original ab initio ammonia torsions. The corresponding eigenvectors were chosen to be half those calculated for the original modes, and the eigenvalues adjusted to obtain a reasonable match with the observed spectra. To complete the assignment scheme (Table 1) , the remaining bands had their eigenvalues scaled according to parameters previously developed by the authors. [12] This simple approach worked well on the cisplatin data, the correspondence between its calculated and observed INS spectra being evident in Figure 3 .
The DMOL calculations, introducing the crystal lattice forces, produce the spectrum reported (unscaled) in Table 1 . Whilst the mPW1 results for the NH 3 torsions are narrowly spread (but at too low an energy value), the DMOL results are too widely spread and display a poorer agreement with the experimental values. Those mPW1 features from 113 to 164 cm À1 , and the DMOL band at 300 cm
, must be assigned to the bulk of the scattering intensity from 160 to 230 cm À1 (see Figure 4 ). The remaining features in the DMOL spectrum align quite well with those observed, and refer mostly to external li- Table 1 . Experimental (INS and Raman) and calculated wavenumbers (below 1700 cm À1 ) for cisplatin (C 2v symmetry).
Exp. INS
Exp. Raman [12] Calc. DMOL Calc. G03W [a] Scaled G03W [b] Sym. species [c] Approximate description [ brational modes of the complex as a whole, which cannot be generated by an isolated molecule calculation.
The results for transplatin are not dissimilar. Thus, whilst the mPW1 calculations yield transitions at too low an energy (Table 2) , the DMOL results lead to the correct spectral region but, again, to too widely spread features (Figure 4 b) 
À1
for transplatin, see Table 1 and 2)-are extended over a wider range in transplatin. This is no doubt due, in part, to the lower moment of inertia of the librations about the ClÀPtÀCl axes in cisplatin. However, the in-phase libration of this type is calculated at 139 cm À1 for transplatin, no higher than the highest energy libration of cisplatin. We may conclude that the intermolecular forces are weaker in transplatin than in cisplatin. This can be quantified by considering librations about the vertical axis through the Pt atom: 123 cm
for cisplatin and 97 cm À1 (average value) for transplatin. In fact, the moments of inertia should www.chemphyschem.org be very similar for these modes, for which only the intermolecular forces differ. According to the cisplatin structure, both NH 3 groups make contact with the same chlorine atom of the neighbouring molecule in the unit cell, [6] and as such there would be little difference between in-phase and out-of-phase librations of neighbouring molecules. In transplatin, in turn, the in-phase motions, involving less strain on the Cl … NH 3 close contacts, are expected to appear at lower energies than the out-of-phase modes (compare Tables 1 and 2 and Figures 2, 3 , and 5).
Even though X-ray powder diffraction is not the best method for the structural determination of this type of inorganic complexes, it is nevertheless remarkably sensitive to long-range order in these samples. The XRD pattern presently obtained from cisplatin shows the coexistence of at least two forms (Figure 6 ), which correspond to the a [6] and b [8] species previously reported in the literature. [6] [7] [8] Unfortunately, the data is inadequate for a complete structural refinement of these forms. A single-crystal study would be necessary to elucidate the b cisplatin structure and fully characterise the differences between this and the a arrangement.
Finally, the more challenging carboplatin system will be discussed. The carboplatin molecule displays a cis arrangement of the two NH 3 moieties and a short distance between the carboxylate oxygens of the bidentate cyclobutanedicarboxylate ligand (Figure 1) . Again, within the crystal structure, distinct hydrogen-bonding motifs were found, [5] but here they mostly represent a nearly three-dimensional network of contacts. There are four molecules to the unit cell, giving a total of eight librational modes, and consequently, even allowing for accidental degeneracy, the librational spectrum of the NH 3 groups should be rich. Moreover, the carbo ligand, also hydrogenous, is expected to give rise to clearly visible vibrations in the INS spectrum ( Figure 7 ).
The calculated INS features present at around 250 cm
À1 for all the three Pt II chelates studied herein (Figure 2 ), were compared (disregarding the contributions arising from the carbo moiety of carboplatin). It was verified that the calculated NH 3 torsional intensity at about 200 cm À1 approximately corresponds (in strength) to the intensity broadly observed around 250 cm À1 (Figures 3, 5, and 7) . Based on this frequency shift (ca. 50 cm
À1
), the assignment of these modes in carboplatin (Table 3) would nicely come into line with those of both cisand transplatin. Again, this shift will also be due to NÀH···O=C close contacts occurring in the crystal, which are responsible for a deepening of the wells corresponding to the ammonia li- brations. A suitable adjustment of the carboplatin calculated spectrum was performed and a quite good agreement with the observed INS data was found (Figure 7) . However, it is evident that the carboplatin feature below 150 cm À1 cannot be simply attributed to either the low-lying vibrational modes of the cyclobutane ligand, the external modes of the system, or any reasonable combination of the two. Rather, it is suggested that this spread of intensity stems from an increase in the local disorder introduced when the sample is quenched from ambient temperatures to the experimental conditions (20 K) . This is supported by the crystal-structure determination, which showed an enhanced atomic disorder in the cyclobutane ring.
[5] Indeed, it is likely that the disorder in the present sample is even greater than that of the crystal-structure determination. These local regions of disorder in the sample will lead directly to some fraction of the ammonia ligands being in irregular potential fields.
Finally, the combination of the INS spectra with the Raman spectra collected for the three Pt II complexes investigated allowed a thorough assignment of their full vibrational pattern.
Conclusions
Herein, the INS spectra of three Pt II chelates-transplatin and the chemotherapeutic agents cisplatin and carboplatin-were obtained. The fact that the extremely small amounts of sample used (ca. 250 mg) for this type of heavy-metal complexes still allowed the acquisition of good-quality data is rather hopeful for future INS studies of new compounds for which larger quantities may be initially unavailable.
The overall vibrational pattern of this kind of Pt II chelates was found to be clearly dependent on their coordination geometry (e.g. cis or trans relative to the metal ion) and on the degree of covalent character of the metal-ligand bonds, as well as on the nature of the ligand. For the three complexes studied, a reasonable agreement was achieved between the experimental and calculated INS band positions. As expected, the modes associated to oscillators involved in intermolecular interactions (such as H-bonds, for example, Cl···H 3 N), are not exactly reproduced by the calculations for the isolated molecule. In turn, they are well represented by the periodic DFT approach.
A rather straightforward approach for using the results from quantum mechanical molecular orbital calculations to interpret the experimental spectra was exploited. The calculated frequencies were found to be substantially improved by applying a scaling/fitting procedure to the mPW1 results. The full calculation of molecules in their lattice (DMOL results), in turn, was used unscaled. The agreement achieved between these and the experimental INS spectrum indicates that the calculated geometry is representative of the true crystalline form. The results for all the internal modes below about 1000 cm À1 were found to be in agreement with Raman studies performed by the authors for these and for similar systems, as well as with reported experimental [13] and calculated [14, 15] data on several dihalodiammine Pt II complexes. The knowledge yielded by this type of work-together with concurrent experiments carried out in distinct human cancer cells (in vitro assessment of growth-inhibition properties and effect on the metabolic profile) [16] [17] [18] [19] [20] [21] [22] -should help expose the molecular basis of toxicity, with a view to rationally designing new and more effective anticancer agents for future clinical use. 
Experimental Section
INS Spectroscopy: INS spectra were obtained in the Rutherford Appleton Laboratory (UK), at the ISIS pulsed neutron source, on the TOSCA spectrometer. This is an indirect geometry time-of-flight, high resolution [(DE/E) ca. 1.25 %], broad range spectrometer. [9] The samples, Sigma-Aldrich (99.9 + %), weighing 250-300 mg, were wrapped in aluminium foil. To reduce the impact of the Debye-Waller factor [the exponential in Eq. (1)] on the observed spectral intensity, the samples were cooled to about 20 K. The data were recorded in the energy range 16-4000 cm À1 and converted to the conventional scattering law, S(Q, n) versus energy transfer (in cm
À1
) through standard programs. [9] X-ray Powder Diffraction: XRPD data were measured at room temperature in an X'Pert Philips diffractometer (Cu Ka radiation) from 10 to 908 and in the 2q range. The data were analysed using the Fullprof suite. [23] Quantum Mechanical Calculations: The quantum mechanical calculations (full geometry optimisation and calculation of the harmonic vibrational frequencies) were performed using the GAUSSIAN 03W program (G03W), [24] within the DFT approach, in order to properly account for the electron correlation effects (particularly important in this kind of systems). The mPW1PW method, which comprises a modified version of the exchange term of Perdew-Wang and the the Perdew-Wang 91 correlation functional, [25, 26] was used, along with the split valence basis set 6-31G*, [27] for all atoms except for the metal. Pt II was represented by the relativistic effective core potentials (ECPs) of Hay and Wadt [28] (G03W keyword LANL2DZ), n = 5 and n = 6 being considered as valence electron shells. This DFT/ ECP combination was found to be the best choice for describing cDDP, [12, 29] since it presents the finest compromise between accuracy and computational demands. Results from these calculations will be referred to as 'mPW1'.
The molecular geometries were fully optimised by the Berny algorithm, using redundant internal coordinates: the bond lengths (to within about 0.1 pm) and the bond angles (to within ca. 0.18). The final root-mean-square (rms) gradients were always less than 3 10 À4 hartree bohr À1 or hartree radian À1 . No geometrical constraints were imposed on the isolated molecules under study.
The complete unit cell of the compounds was also investigated with the periodic DFT code DMOL 3 , as implemented in the Materials Studio package from Accelerys. [30] The generalised gradient approximation was used with a localised basis set (DNP double numerical with polarisation functions on all atoms including hydrogen), represented as a numerical tabulation, coupled to the Perdew and Wang [31] (PW91) functional. In each case, the published crystal structure was used as the starting structure. [5, 6] Since the hydrogen atoms were not located in the X-ray structures, they were added at chemically reasonable positions. DMOL 3 performs geometry optimisations but not lattice optimisations. The vibrational spectra were calculated in the harmonic approximation from the energy-minimised structure, using the finite displacement technique to obtain the dynamical matrix. Starting from an energy-minimised geometry, each of the atoms in the unit cell was displaced by 0.005 in turn along the three Cartesian directions and a single-point calculation yielded the Hellman-Feynmann forces on all the atoms, from which the force constants were obtained by dividing by the corresponding displacement. Positive and negative displacements were used to obtain more accurate central finite differences. The force constant matrix F was transformed to mass-dependent coordinates by the G matrix, to give the dynamical matrix. Diagonalisation of the latter yielded the vibrational eigenvalues and eigenvectors.
The theoretical INS transition intensities were obtained from the calculated normal-mode eigenvectors of the quantum mechanical calculations, and the spectra simulated using the dedicated aCLI-MAX program. [32] For isolated molecule calculations, this program accomodates the impact of the external modes of extended molecular solids through the choice of a suitable value for a i (in the program this is the 'A-external' parameter and takes the values of 0.025 2 in cisplatin, 0.040 2 in transplatin, and 0.050 2 in carboplatin). For periodic calculations, this procedure is not necessary since all the modes, both internal and external, are calculated.
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